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Changes over 50 years in fish fauna of a temperate coastal sea: degradation of trophic structure and nursery function Henk W. van 
Introduction
Coastal ecosystems have been under pervasive human disturbance for centuries (Jackson et al., 2001 ) with historical evidence worldwide for major structural and functional change due to overfishing. The current challenges relate not only to overfishing, but the combined effects of it with climate change (e.g., warming, acidification, deoxygenation), habitat destruction and pollution (Bijma et al., 2013; European Marine Board, 2013) .
Present findings on long-term changes in fish communities are primarily based upon information from commercial catches, landings and stock assessments.
Most ecological research addressing full communities is of shorter duration and cannot give a long historical perspective. Furthermore, most observations are from the open sea while cumulative impacts of human behaviour are considered most severe in shallow coastal waters. To examine long-term changes in coastal fish communities and identify their possible causes, we analyse a 50 year consistent time series of fish fauna in the Dutch part of the international Wadden Sea, the largest coastal ecosystem bordering the North Sea.
The Wadden Sea is a typical example of a coastal ecosystem under long-term anthropogenic pressure. Key changes in the Dutch part include the decline of the harbour seal (Reijnders and Lanckester, 1990) ; disappearance of the bottlenose dolphin (Reijnders and Wolff, 1983) ; loss of the commercial spring herring fishery; pollution events (Essink and Wolff, 1983) ; embankments; eutrophication (De Jonge et al., 1996; Philippart et al., 2007) and species introductions (Wolff, 1992; Van Walraven et al., 2013) .
Daily monitoring of the fish fauna using fyke nets in the western part of the Dutch Wadden Sea started in 1960 and has continued without change in methodology ever since (Van der Meer et al., 1995) . The main advantage of this passive sampling device is that it samples both pelagic and benthic components of mobile fauna. It has been demonstrated that fyke catches are representative of a much larger area and that they represent an, on-average, constant sampling fraction of the fauna for all the abundant and most of the rare species (Van der Meer et al., 1995) . Non-commercial fyke catches such as these supply the best available data of changes in the marine ecosystem as sampling methods have not been influenced by economics, management, fishing technology and targeting patterns as normally occurs (Branch et al., 2010) .
Previous papers on these fyke catches dealt with fish recruitment (Philippart et al. 1996) , long-term variability in the abundance of the brown shrimp Crangon crangon (Campos et al. 2010) , bass Dicentrarchus labrax (Cardoso et al. 2014 ) and gelatinous zooplankton (Van Walraven et al. 2014) . In this paper, long-term trends in the coastal fish community are analysed by addressing the following questions:
[1] what are the long-term patterns in the fish community; [2] are these long-term trends associated with environmental factors; and [3] is there an impact of climate change visible?
Material and methods

Sampling
A passive fish trap near the entrance of the Dutch Wadden Sea (Fig. 1) was used. This 'kom-fyke' (Nédélec, 1982) has a leader of 200 m running from above the high water mark into the subtidal where two chambers collect the fish and other specimens. The stretched mesh-size of the leader and the chambers was 20 mm. In the area, the semidiurnal lunar tide is dominating and tidal range varies between 1 and 2 m depending on weather conditions and lunar phase. Tidal currents normally do not exceed 1 m sec -1
, except for periods with strong wind stress. Fishing started in 1960 and has continued ever since where the kom-fyke was emptied every morning irrespective of tidal phase, except when prevented by bad weather. In most years, the kom-fyke was removed just before winter because of potential damage by ice floes and in summer because of fouling of the net and potential clogging by macroalgae and jellyfish.
Catches were sorted immediately, and all individuals were identified up to species level. For each species, numbers were counted and sometimes, when numbers were large, only wet mass was determined. Prior to data analysis, wet masses were transformed into counts, using a fixed ratio per month, i.e. a fixed mean individual mass based on the actual measurements from 1970 onwards. All information was stored in a database.
A suite of environmental parameters were collected which were considered to potentially influence fish communities (Table 1) 
Data analysis
For each species, the length-weight relationship was determined, based on individuals collected between 1990 and 2002 (Leopold et al., 2001 ). For some rare species, length-weight relationships were taken from Fishbase (www.fishbase.org).
For all catches, total wet biomass was estimated. First, for each species, the sizefrequency distribution of the catch was converted to wet mass using the lengthweight relationship. Then the total biomass of the catch was estimated by summing the individual masses (direct estimate). Species were characterized based on number of years found as core (≥ 20 y) or transient species (< 20 y), by mode of life (pelagic, demersal, benthopelagic) and to trophic level (the position of a species in the food chain) using Fishbase (www.fishbase.org). In addition, the biogeographic guild (northern and southern species) was determined based on Daan (2006) . For each sampling date, the tropic level of the fish fauna was estimated by taking the trophic level of the various species caught and calculating the mass-weighted average trophic level. All information is presented in Appendix A.
Statistical analysis
Statistical treatments used R (R Development Core Team, 2011). Preliminary data exploration was carried out following the protocol described in Zuur et al. (2010) . Multi-panel scatterplots using the xyplot function from the lattice package (Sarkar, 2008) were applied to identify the type of relationship between environmental variables and the presence of collinearity.
Common trends in the biomass time series of the various species were extracted by min/max auto-correlation factor analysis (MAFA) (Solow, 1994) The software package Brodgar (http://www.brodgar.com) was used to carry out MAFA (see also Erzini et al., 2005) .
Results
Environmental variables
The environmental variables showed different temporal patterns (Fig. 2) . The Environmental variables displayed collinearity (Table 2) . Summer temperature was correlated with a number of variables that also increased over time. Strong collinearity was also found between sand mining, beach nourishment, shrimp fisheries and top predators. Furthermore, summer chlorophyll was correlated with total-N and total-P loadings.
Fish fauna
In total 82 fish species were identified (Appendix A). Both in spring and autumn, the total number of core species showed no consistent trend; the number increased at an average rate of approximately 1 species every 3 years between 1960
and ca. 1987, and subsequently declined ( In general, mean daily numbers caught were much lower in spring than in autumn ( Neither the demersal nor the benthopelagic species showed a trend in trophic level.
Trend analysis
Catches of individual fish species displayed different types of pattern The MAFA was performed on species that were present for at least 10 years.
To reduce the influence of the most abundant species on the outcome, data were also square root transformed, but results were the same (Fig. 7) . The scores of the first MAFA axis showed a continuous change over time. In spring, the decreasing trend seemed to stabilize in the mid-1990s, in contrast to autumn where the trend continued. The second axis showed for both spring and autumn an increasing trend from 1960 to a maximum around 1980 followed by a steady decrease.
The canonical correlations illustrate the relationships between species and the first two axes. Spring and autumn showed a slightly different pattern for axis 1 and a more similar pattern for spring axis 2 (Fig. 8) . For the first axis significant relationships were present for 18 species in spring and for 21 in autumn, whilst for the second axis this accounted for 17 (spring) and 10 (autumn) species. For the first axis, Anguilla anguilla, Belone belone, Trachurus trachurus, Zoarces viviparus, Myoxocephalus scorpius, Scophthalmus rhombus and Limanda limanda had a strong declining trend and showed a significant correlation (r > 0.50) in either spring or autumn. Dicentrarchus labrax was the only species with a strong increasing trend.
For the second axis, four species showed a significant correlation (r > 0.50) and only during spring: B. belone, Callionymus lyra, Chelon labrosus and Pleuronectes platessa. For some groups, the spring and autumn patterns were similar. Clupeids, Gadoids, Mulids showed a strong positive correlation with the second axis, while for flatfishes the first axis was more important.
The correlations between the two MAFA axes and the explanatory variables are presented in Table 3 . Highly significant correlations with the first MAFA axis existed with summer temperature, sand mining, beach nourishment, top predators and to a lesser extend with shrimp fisheries. The second MAFA axis showed highly significant correlations with the NAO winter index in spring and autumn and with parameters linked to the productivity of the area.
Discussion
Capture by fixed gears requires the active movement of the organism. The kom-fyke is located near a large tidal inlet of the Wadden Sea and it is expected that spring catches will contain fish that were migrating from the North Sea into the Wadden Sea whilst autumn catches will comprise fish on their way to migrate to the North Sea including the locally produced young-of-the-year (Fonds, 1983) .
Therefore, spring catches are considered to reflect the fauna of the coastal zone of the North Sea and autumn catches the productivity of the Wadden Sea nursery. The geographical origin of the fish species caught in the kom-fyke suggests that the observed long-term trends in fish communities may reflect a more general pattern occurring not only locally within the Wadden Sea.
Trends in environmental conditions
Climatic variability over western Europe determines the fluctuations in temperature and fresh water input (reflected in salinity) in the Wadden Sea: Measurements of the nutrients and chlorophyll started only just before the peak in nutrient loads and concentrations in this area (Cadée and Hegeman, 2002; Philippart et al., 2007) and hence overall decreasing trends are observed. These truncated time series limit our ability to identify candidate explanatory variables for the trends in the fish fauna using correlation analyses.
Anthropogenic habitat destruction, sand mining and beach nourishment in the coastal zone, have affected the area especially since the 1980s, while fisheries were impacting over even longer time scales. Top predators have increased recently and hence these factors showed collinearity. The correlation of these variables with productivity might be causally misleading because of the short length of the time series.
In this study we are forced to accept different baselines; 19 th century for temperature, salinity and NAO winter index; 1980s for nutrients, chlorophyll, Secchi disc; 1960s for habitat destruction and top predators.
Long-term trends in the fish community
In the 1980s and 1990s the fish fauna of the Dutch Wadden Sea comprised 97 species, varying from very abundant to extremely rare (Witte and Zijlstra, 1983) .
In the present study, 82 species were caught over the period 1960 to 2011, indicating that these catches are a good representation of the species composition described by Witte and Zijlstra (1983) . The absence of a trend in the number of species caught suggests that with respect to species richness the function of the area is unchanged.
Species composition is slowly shifting from core to transient species indicating that rare species occur more often. From the mid-1980s especially cold wateradapted forms have declined and warm water species have increased, however losses have not been fully compensated. Shifts in species or abundance due to changes in sea water temperature have also been observed in the Bristol Channel (Henderson et al., 2011) and the Wadden Sea (autumn): the trophic level of the pelagic fish fauna (typical species herring Clupea harengus and garfish Belone belone) has decreased strongly in the spring, reflecting the situation amongst the coastal zone fauna. This study shows similar common trends in both spring and autumn suggesting a strong link between the coastal zone and the Wadden Sea. This implies that in both areas underlying mechanisms might be similar, which is supported by the fact that Gadoids, Clupeids and flatfish species showed similar patterns in spring and autumn.
However, in terms of biomass the absolute impact seems less in the Wadden Sea than in the coastal zone of the North Sea.
Correlations between environmental factors and the fish community
In the perspective of the radical changes in coastal ecosystems including the Wadden Sea over the last 2000 years (Lotze, 2005) , the present study only reflects a We consider the correlation with summer temperature spurious as warming by 1.5°C
only started 25 years ago (Van Aken, 2010) . The correlation with nutrient concentration in summer (total-N and total-P) may hint at eutrophication as an explanation in support of Boddeke and Hagel (1991) . However, for the fish fauna this correlation does not imply causality as this time series is relatively short (31 years) and only started when eutrophication was almost at its maximum. The reconstructed pattern of eutrophication since the 1930s (Van Raaphorst and De Jonge, 2004) agrees with the relatively low total fish biomass during spring in the 1960s and relatively high values in the 1980s (Fig. 4) . Recovery of the benthic community takes a number of years (Van der Veer et al., 1985; Newell et al., 1998; Van Dalfsen & Essink, 2001 ) and often the community structure differs from the original due to a shift in sediment type (Desprez, 2000; Wilber and Clarke, 2001 ). Finally, a link with the abundance and hence consumption of top predators seems likely: cormorants and seals have increased considerably since the 1990s (e.g., Brasseur et al., 2014) and this also holds true for the harbour porpoise (Camphuysen, 2004) .
The second most important trend in the fish community is an increasing trend in species abundance from 1960 to a maximum around 1980 followed by a steady decrease. This second MAFA axis showed a significant correlation with the NAO winter index and also with chlorophyll-a in summer. Following Alheit and Bakun (2010) , the NAO winter index predicts synchronicity in a region comprising the North Sea, the Baltic Sea, the northwestern Mediterranean and north and central European lakes. Even shifts in species composition in Narragansett Bay (east coast of the US) could be correlated with the winter NAO index (Collie et al., 2008) . Therefore, this correlation might reflect the large-scale influence of weather conditions in northern
Europe acting via the food chain on the fish fauna; the strong significant correlation between NAO winter index and subsequent summer chlorophyll-a in the Wadden Sea supports this view.
The fact that roughly similar types of patterns were found in related species, i.e. the Clupeids, Gadoids, Mulids and flatfishes, suggests general underlying mechanisms. However, the present study is not suited to unravel them. An exception might be the strongly decreasing trend in eelpout Zoarces viviparous and increasing trend of bass Dicentrarchus labrax. It is very likely that they reflect a northwards shift in distribution as a response of climate change (increased water temperature) (eelpout: Pörtner and Knust, 2007; bass: Henderson and Corps, 1997) . destruction, top predators and impact of large-scale hydrodynamic circulation but also on regime shifts (Beaugrand, 2004; Weijerman et al., 2005; Möllmann and Diekmann, 2012) and factors indicated as responsible for these shifts such as temperature increase, gradual warming, temperature-induced modified predatorprey relationships and high fishing pressure (Beaugrand, 2004; Freitas et al., 2007; Kenny et al., 2009; Kirby et el., 2009 ).
This study confirms the alarming observations for offshore fisheries of Jackson et al. (2001) ; ecological changes occurred in the past and continue at a rapid rate in coastal ecosystems, they are damaging the ecological health of these coastal areas. 
